shows several deficiencies in the field as a whole which greatly limit the ability to draw 30 conclusions about how welfare may be affected by prenatal challenges in commercial sheep.
31
These deficiencies included a lack of consistency in response due to the variety of both 32 stressors imposed and responses measured. Key gaps in knowledge include the impact of ewe 33 disease during pregnancy on outcomes for their progeny and more generally how different 34 commercially relevant stressors interact. Furthermore, there is a need to develop a systematic 35 series of behavioural and physiological measures that can be integrated to provide a holistic 36 and practically applicable picture of offspring welfare.
Introduction

42
Previous research has shown that sub-optimal maternal nutrition, stress or ill health during 43 pregnancy can affect how offspring develop before birth, with implications for their later 44 biology (Sinclair et al 2016) . In farm animals, maternal state may therefore be an important 45 contributor to health, welfare and productivity of progeny, and paying closer attention to 46 gestation management could contribute to improvements in these parameters on farms 47 (Rutherford et al 2012) .
48
The long-term consequences of changes in the fetal environment have been well-recognised since it is similar to the human in respect of maternal and fetal sizes, organ development and 59 maturity at birth (Luther et al 2005) . To date, however, less emphasis has been placed upon 60 the consequences of disturbances to the fetal environment for the health and welfare of the 61 offspring than on end-points associated with cardio-vascular disease and diabetes. This is of 62 increasing relevance as the current status of legislation on the welfare of fetal animals (see identified stressors applied to the ewe during gestation which were practically relevant. In
74
Rooke et al (2015) , the subject material was limited (because of the large number of studies) 75 to measurements of lamb vigour and well-being up to the age of 100 days (weaning) and 
81
In examining the literature we have adopted the hypothesis that a stressor or insult to which 82 the ewe was exposed to during pregnancy will influence environmental responsiveness of the 83 offspring, measured either as changes in behaviour or in hypothalamo-pituitary-adrenal 84 (HPA) axis responsiveness, such that adverse consequences for the offspring will ensue. In 85 the review, the term stress(or) applies to any potentially adverse event the ewe is exposed to 86 during pregnancy and fear is defined as a reaction to the perception of actual danger as 87 assessed by fear tests (Forkman et al 2007) .
88
Materials and methods
90
Comprehensive details of the methodologies employed are given in Arnott et al (2012) and 91 Rooke et al. (2015) . The following describes first, how relevant information was identified 92 and the review process for all studies (i.e. both studies reported in Rooke et al. (2015) and 93 reviewed here). Subsequently, material specific to the present review is described.
94
Overall review process
95
Searches
96
The online database 'ISI Web of Knowledge' was used to search the literature from 1970 as 97 described by Rooke et al (2015) . The search terms used were designed to combine words 
Quality assessment
108
As recommended by Sargeant et al (2006) , a quality assessment of studies was made.
109
References were selected for inclusion using the following criteria ( outcomes could be classified in two groups. In one group (n=83), the outcomes were largely 127 directly relevant to neonatal survival and included the ability to thermo-regulate and 128 behavioural indicators of both lamb vigour and ewe-lamb bonding. These studies formed the 129 subject matter of the previous review (Rooke et al 2015) . The second group which included 130 behavioural responses together with studies which measured some aspect of HPA function 131 potentially relevant to welfare are considered in this review (n=21; 6 studies contained 132 subject material relevant to both reviews).
133
Classification of subject matter for review 134 Studies were initially classified according to the prenatal treatment applied using the nine 
141
The offspring outcomes were classified as either physiological or behavioural responses to The studies which make up the subject matter of the review are summarized in Table 1 groups in regard to both timing and severity as did the age at which responses were assessed 165 (ranging from 1 to 36 months in age). Because of the range in ages at which responses were 166 measured, the maturity of offspring studied ranged from weaning to the mature adult.
167
Therefore, the terms young sheep or offspring rather than lamb will be used from here Most studies assessed the effect of CRH/AVP challenge on offspring HPA axis function.
209
Changes in HPA axis outcomes were noted in 7 of 9 studies; however, both increases and 210 decreases in ACTH and cortisol response were noted. This variability in response is likely in 211 part due to the age at which the animals were tested. Sloboda et al (2002 Sloboda et al ( , 2007 re-tested the 212 same young sheep whose dams had been challenged with betamethasone in late gestation at were a more severe challenge than the same stress treatment applied at regular intervals (e.g. 
267
Other factors that could have influenced response were the severity of the test used to 268 evaluate the young sheep or the stress reactivity of the ewe upon which stress treatments were 269 imposed. Roussel et al (2004) found no differences in offspring response when ewes were 270 selected for low and high reactivity but noted that the ewes habituated to the repeated stress 271 treatments imposed. In contrast, Coulon et al (2015) found that young sheep born to ewes 272 selected for high stress reactivity (based on behavioural and cortisol response to social 273 isolation) were more reactive in human approach and object tests than young sheep born to 274 ewes selected for low reactivity; as the ewe treatments were randomly imposed there was less Table 6 summarizes four studies which tested aspects of cognitive flexibility of young sheep found no differences in cognitive ability between groups, Coulon et al (2015) found that 295 young sheep whose dams had been exposed to stress were slower to complete a maze test 296 both during learning the maze and upon subsequent re-test. In a test of judgment bias, Coulon 297 et al (2015) also concluded that young sheep whose dams had been exposed to stress had a 298 more pessimistic bias than control sheep and suggested that this could indicate a poorer state of welfare. In contrast to emotional reactivity, offspring of high emotional reactivity ewes 300 were not different in cognitive flexibility to those from low emotional reactivity ewes. HPA axis) body systems, then, first, the responses of many body systems which may be 368 relevant are not reported and secondly, using specific tests precludes any measurement of integrated responses by the animal. Given that behaviour reflects an integration of 370 neurobiological and endocrine changes, it is likely that behavioural tests will be more 371 relevant to assessing animal welfare. It was indeed found that behavioural tests detected more 372 differences in response between treatments than physiological tests, likely for the above 373 reasons and also because many behavioural outcome tests are typically performed. Therefore, 374 more weight should be given to behavioural responses of the offspring in assessing welfare 375 outcomes, but this also requires a clear hypothesis-driven rationale for test selection.
376
The most important variables in interpreting the relevance of responses to welfare are the age 377 at which the young sheep is tested and its gender. The age of the animal at test is important as expected will differ and will be largely dependant on the fate of the young sheep. The 382 majority of males will be destined for slaughter at around 6 months of age and the major 383 challenges encountered by them will be weaning, subsequent management (e.g. housing for 384 fattening), transport to the abattoir and slaughter. Thus for this group of young sheep, tests 385 carried out between 3 and 6 months of age are likely to be relevant. The second main group 386 will comprise largely females retained for breeding. For breeding females, major challenges 387 will occur later in life during repeated breeding cycles beginning from as early as 6 months of 388 age but more likely 18 months of age; therefore tests later than 6 months of age are more Further, in all the above studies, males had not been castrated and therefore the relevance of 406 the results can be questioned as many males destined for slaughter will be castrated. Thus and control animals will be too small for statistical significance to be achieved. However, 454 such a finding adds valuable information about animal management and welfare outcomes.
455
The reality is that such 'negative findings' may be harder to publish and do little for the 
Maternal effects
523
In risk assessment terms, it is important to consider whether different ewe breeds or ages can and an important contribution to elucidating the true industry relevance of this area.
535
Within breeds, differences between ewes in reactivity may also be important determinants of likely modulate the impact on fetal lambs.
550
Animal welfare implications and conclusion
551
The data gathered together here and in a related review (Rooke et Table 4 Behavioural responses when exposed to a novel environment of young sheep whose dams were exposed to gestation challenges (responses are changes with reference to controls) (Identity of studies given in Table 1 ).
Novel environment Study
Social Table 5 Behavioural responses, when exposed to a novel stimulus, of young sheep whose dams were exposed to gestation challenges (responses are changes with reference to controls) (Identity of studies given in Table 1 ). 
Novel stimulus
S6
Prenatal stress treatment lambs spent more time distant from object. Prenatal stress offspring of high stress reactive ewes spent less time close to object than offspring of low stress reactive ewes; no maternal reactivity effect in non-stressed offspring
Prenatal stress effects only in offspring of high stress reactive ewes: presence of human reduced locomotor activity, vocalization, exploration. Presence / absence of human did not change responses in offspring of low stress reactive ewes.
O1
Increase in time spent exploring(males only) Table 6 . Behavioural responses relating to cognitive flexibility of young sheep whose dams had been exposed to gestation challenges (responses are changes with reference to controls) (Identity of studies given in Table 1 ). 
Study and test Response Comment
